Abstract Lateral ankle sprains occur more than any other musculoskeletal injury in an athletic population. The greatest risk for an inversion ankle sprain is a history of a previous sprain. Recurring instability associated with subjective complaints of giving way is often termed chronic ankle instability (CAI). CAI has been associated with altered postural control, sensorimotor deficits, reduced physical activity, functional limitations, and long-term degeneration of the joint. Alterations, including muscle activity and changes in the kinematics of the lower extremity may predispose this population to continued instability at the joint and long term health issues. Common treatments include using external support, therapeutic modalities, and directed rehabilitation. Wearing ankle braces and performing balance training has been shown to reduce the risk of recurrent ankle sprains. Directed rehabilitation may improve function in patients with CAI. By identifying and minimizing dysfunction following ankle sprains, clinicians may improve the short-term and longterm function of this population.
Introduction
In the United States there are an estimated 1,600,000 physician visits and 8,000 hospitalizations per year due to lateral ankle sprains [1] . The strain on the health care system in the form of medical and productivity expenses adds to the indirect cost of ankle sprains. Caldwell et al. [2] , identified ''sprains and strains'' as the most common outpatient condition in the United States with 4.4 million emergency department visits per year. Nearly half of all ankle sprains occur during athletic activity (49.3 %) [3] . Following an initial ankle sprain, up to 73 % of patients experience at least one subsequent ankle sprain and 59 % of those patients report long term disability [4] . Swenson et al. [5] reported that, from 2005 to 2008, ankle injuries were the most common recurrent injury with 28.3 % of all recurrent injuries in high school athletes. The primary risk factor for an ankle sprain remains a history of a previous sprain [6] . Between 30 % and 70 % of initial ankle sprains result in development of chronic ankle instability (CAI) [7] . CAI is defined as a condition resulting from a significant lateral ankle sprain with greater than 12 months of residual symptoms of ''giving way'' or subjective instability [8 • ]. The high rate of lateral ankle sprains, risk of long-term dysfunction, and high costs of health care make lateral ankle sprains a substantial concern for an active population.
Physical disability subsequent to recurrent ankle sprains has included range of motion and strength deficits, sensorimotor alterations, balance impairments, gait alterations and post-traumatic osteoarthritis [9] [10] [11] [12] [13] [14] [15] . Current research in these areas has focused on improving function and lessening disability associated with this condition, as well as identifying what leads to recurrent sprains. Current treatments include external ankle support to limit excessive motion associated with lateral ankle sprains and to increase sensory input via compression of the joint. Therapeutic exercise, including balance training, has been shown to improve balance as well as function in patients with CAI [16] . Surgical intervention has been become more prevalent in individuals suffering from gross mechanical instability of the joint following failed conservative treatment. All of these treatments have sought to decrease the risk of recurrent sprains and protect the joint from aberrant motion that may lead to further dysfunction.
Mechanism and pathophysiology
Lateral ankle sprains have traditionally been described as an excessive inversion and plantar flexion mechanism that results in damage to the lateral ankle ligaments [17] . Current analysis techniques, including those of real time injury mechanisms, and findings in laboratory studies, have shown the mechanism to be inversion and internal rotation of the foot [18, 19] . These findings indicate inversion velocities of up to 1,752 degrees/second and maximum inversion angles of up to 142° [20] . The injury is defined by damage to the lateral ankle ligaments. Due to the multiplanar nature of the injury, inversion and internal rotation, damage to the lateral musculature and connective tissue of the lower leg and foot may also occur [14, 21, 22] . Freeman originally assessed recurring instability of the ankle in patients following a lateral ankle sprain. This instability was identified despite no findings of clinical or radiological abnormalities in joint laxity [23] . Freeman's hypothesis was that, secondary to ankle ligament injury, proprioceptive deficits affected the muscles of the lower leg and led to deficits in function and continued ''giving way'' of the ankle in these patients [23] .
The original description of ankle instability associated with multiple lateral ankle sprains has since been expanded and defined as CAI [8, 17, 24] . Models have been proposed to better characterize those with CAI, but due to the complexity of condition, clinical identification of these patients remains a challenge [24, 25] . More specific guidelines on the diagnosis of CAI have helped to better identify the condition. Questionnaires have been developed to specifically target the associated disability and changes in quality of life [26] [27] [28] [29] . The foot and ankle ability measure (FAAM) and sport sub-scale (FAAM-S) look to identify deficits in function associated with foot and ankle injury and has been validated in CAI patients [27] . Scores of less than 90 % on the FAAM and less than 80 % on the FAAM-S may be used to characterize disability in CAI patients. The Identification of Functional Ankle Instability (IdFAI) tool is a questionnaire that has been shown to be a reliable tool, identifying those with CAI as having scores C11 [30] . The ankle instability instrument is a subjective tool to identify feelings of ankle instability in patients that have suffered recurrent ankle sprains if five yes responses are recorded [8] . The Cumberland Ankle Instability Tool (CAIT) also looks to identify those with ankle instability.
Scores of B24 are considered to be indicative of a patient with CAI [8] . The use of these survey tools has improved the ability of clinicians and researchers to identify and characterize patients suffering from CAI.
Laxity and mechanical instability CAI has been associated with clinical, functional and subjective disability and includes patients with mechanical laxity of the talocrural joint. Tissue damage to the lateral ankle ligaments may lead to chronic mechanical instability identified through clinical exam. Mechanical ankle laxity is a major predictor of the development of CAI [31] . In a systematic review, Hubbard et al. [32] identified that, based on clinical stress tests to the ankle, healing of the lateral ligaments may start between six weeks and three months after initial sprain; however at up to one year follow-up, residual mechanical laxity occurred in 3-31 % of patients. This timing of the healing process is often incongruent with the length of time in which patients are immobilized and return to physical activity. Specifically, clinicians often push a fast return to functional activities, knowing that the injured ligaments have not had adequate time to completely heal. Further injury prior to the completion of healing may prevent adequate scar tissue formation and ultimately lead to mechanical insufficiencies in the talocrural and subtalar joints. Alterations in arthrokinematics, joint laxity, and synovial and degenerative changes of the joints have been reported in patients with recurrent ankle sprains and CAI [25, 31, 33] . Common clinician assessment includes the use of ligamentous stress test such as the anterior drawer and talar tilt test [34] . The mechanical laxity may lead to further aberrant motion at the joint, resulting in long term osteoarthritic changes. Seventy-eight percent of cases of ankle osteoarthritis were reportedly associated with a history of recurrent lateral ankle sprains, which is a higher rate compared to other large joints [35] . Depending on the laxity and function of the joint, these individuals may require surgery to restore the joint to a more stable condition, although conservative interventions are typically attempted first. The presence of CAI is not always associated with this laxity, but long term arthrokinematics changes associated with laxity may contribute to greater joint degeneration [36] .
Sensorimotor function and ankle instability
The initial damage to the lateral ankle ligaments alters the function of mechanoreceptors of these ligaments disrupting the ability to sense motion at the joint [25, 37, 38] . The muscles surrounding the joint may also be affected when damage occurs to the mechanoreceptors of the lateral ligaments affecting postural control [39, 40] and muscle function [41] [42] [43] . Alterations in the sensorimotor control also have been associated with kinematic and kinetic changes during gait [44] [45] [46] [47] . Clinical deficits have been identified in dynamic and static balance [48] [49] [50] [51] and subjective function [17] . The importance of sensory input from the structures that surround the ankle is the most commonly accepted reason for the subjective instability, as the subjective instability is present even in those individuals who do not have pronounced mechanical laxity. The multimodal input from mechanoreceptors of the ligaments, muscles, tendons, and skin all play a role in static and dynamic joint stability. The redundancy in sensing force position, joint position, stretch and tension in these sensory systems emphasize the importance of these structures in healthy individuals. Deficits in sensation of vibration [52] , joint position sense [53, 54] , and force sense [53, 55] have all been identified in patients with ankle instability. Healing of the lateral ligaments occurs and may restore mechanical support; however, repair of the neurological structures within this tissue is not thought to occur [25, 32] .
Clinical evaluation of sensory organs would allow clinicians to better identify deficits in this population. The assessment of balance can help to identify balance deficits associated with CAI. Instrumented and non-instrumented balance assessments have been used to study stability during single-limb stance in patients with CAI [56] . Forceplate assessment of balance is considered the gold standard but is not readily used in clinical practice [56] . Deficits in balance, assessed by force-plate center of pressure measures, have consistently been reported following acute ankle sprains but not in subjects with CAI [56] . Time-toboundary measures, a more sensitive assessment, however, have identified altered postural control strategies in subjects with CAI [39] . Clinical assessment should include both dynamic and static balance. The star excursion balance test (SEBT) and balance error scoring system (BESS) has been shown to identify deficits associated with ankle instability [51, 57] . The BESS is a measurement of static balance with hands on hips during three different stances (bipedal, unipedal, and tandem) on two different surfaces (solid ground, foam pad) for six sets of 20 s (Fig. 1) . The clinician records errors which include a loss of stable stance and hands moving off hips (Table 1 ) [51] . The SEBT is single limb reaching task. The patient stands with hands on hips, on the affected limb and reaches with the other leg along one of three directions, anterior, posteriormedial and posterior-lateral (Fig. 2) . The reach distance is recorded and reflects the dynamic balance of the individual [58] . Assessing balance remains a useful clinical tool as it can be measured over time to show changes and has been found to be useful in assessing deficits in those with CAI when compared to healthy individuals. Gribble et al. [59] [60] [61] has reported proximal changes in subjects with CAI during walking, jump landing and dynamic balance tasks. These changes were hypothesized to occur following changes to the ankle joint due to centrally mediated changes in neuromuscular function [25, 50] . Supraspinal changes have further been hypothesized to be the cause for differences in gait initiation [62] , H-reflex modulation [63] and balance [39] in patients with CAI. These centrally mediated processes indicate that CAI patients have neuromuscular dysfunction distant from the involved ankle that may predispose them to recurrent sprains.
More recently, gait alterations have been analyzed in CAI patients. Alterations in frontal plane and sagittal plane kinematics have been identified at the ankle and knee during walking and running [33, [44] [45] [46] . Chinn et al. [46] identified a mean difference of 7.2°more plantar flexion during mid-swing, and between 3.9°and 5.7°more inversion during stance, toe-off and swing phase between CAI and healthy controls during a jogging task. Monaghan et al. [45] reported 6°-7°more inversion prior to, during and immediately following initial contact during walking gait, while Drewes et al. [64] reported 4.83°less dorsiflexion during stance phase while jogging. Associated changes in kinetics have been identified both independently and with kinematic alterations [44, 45] . Common findings include changes in peroneal, quadriceps and gluteus medius activation as well as inverted rearfoot, plantar flexed ankle, knee sagittal motion during different periods of the gait cycle. Surface electromyography (sEMG) testing of the peroneal musculature has identified alterations in activation and timing of activation during walking gait [10, 65] . More proximal alterations in sEMG have also been identified in the gluteal musculature [66, 67] and rectus femoris [67] during walking gait. These alterations have been hypothesized to play a role in force absorption and production and associated plantar pressure research has identified differences in the center of pressure during gait [68] . Compared to healthy subjects, CAI patients have been found to have a more laterally situated center of pressure during gait [69, 70] . More complex analysis of movement has found more sensitive alterations in joint coupling around the ankle [47] . Drewes et al. [47] and McKeon et al. [71] identified changes in the relationship of shank transverse motion and rearfoot inversion and eversion. The analysis of joint coupling may further expand on central changes associated with coordinating gait in subjects with CAI.
Jumping and cutting tasks should be considered in those suffering from recurrent ankle sprains. Changes in ground reaction force patterns have been seen during cutting [72] and jump landing [73] with those with ankle instability having more rapid onset of vertical forces following impact. These alterations have been hypothesized to be the result of altered neuromuscular function in the lower extremity. Caulfield and Garret [73] found greater ankle dorsiflexion (4.7°-7.1°) and knee flexion (4.7°-7.3°) prior to, during and following landing during a single-limb landing tasks compared to healthy control subjects. Associated differences in sEMG of the peroneus longus have also been identified during a jump landing task in patients with functional instability compared to healthy controls [74] . Alterations in sEMG of the peroneus longus, rectus femoris and gluteus medius activation were also identified during a drop jump [44] . These sEMG findings were associated with group differences in frontal plane motion at the ankle and ground reaction forces prior to and during the landing task [44] .
Interventions
Acute care of recurrent sprains
Initial treatments of rest, ice, compression and elevation (RICE) have long been considered standard treatment for all acute ankle sprains. A recent systematic review of standard treatment for ankle sprains [75 • ], however, concluded that treatments emphasizing RICE may not be as effective as traditionally thought. Ice treatment was shown have no effect on inflammation, while, compression using elastic wraps reported mixed results on decreasing inflammation. A progressive return to activities of daily living was shown to achieve superior outcomes compared to immobilization. The use of lace-up ankle braces during return to activity had less negative outcomes including skin irritation compared to elastic wraps when used during a return to activities [75 • ]. Another similar guideline, PRICE, has also been used which includes protection [76] . A recent editorial [77] , introduce the acronym POLICE: protection, optimal loading, ice, compression and elevation. These treatments are common in acute ankle sprains management, but there is little evidence to support or contest their use clinically.
Rehabilitation
The clinical intervention for those with a history of recurrent ankle sprains commonly consists of therapeutic exercise protocols that address identified deficits including range of motion, balance, strength, and functional training. The ultimate goal of these interventions is to decrease these limitations to reduce the risk of further lateral ankle sprains. Changes in joint motion have been found to be associated with chronic ankle sprains. Increased anterior joint laxity [78] , reduction in posterior talar glide [15] , and deficits in dorsiflexion range of motion [64] have all been identified in this population. These changes in joint motion may alter the function of the joint. Basnett et al. [79] recently showed a positive correlation between dorsiflexion range of motion and dynamic balance during the SEBT. A systematic review [80] recently showed improvement in dorsiflexion range of motion with static stretching but recommends clinicians be thorough in determining the cause of the dorsiflexion deficit. Anterior positional faults of the talus within the talocrural joint may result from an inversion mechanism due to the insertions of the anterior talofibular ligament [81] . These positional faults may be associated with arthrokinematics motion deficits. These limit the posterior glide of the talus in the joint during dorsiflexion [15] . Joint mobilizations have been shown to improve dorsiflexion by improving the arthrokinematics of motion [82] , and these differences have also been shown to carry over acutely to landing mechanics and in postural control (Fig. 3) [83, 84] . Hoch et al. [82] , showed improvements in range of motion with two weeks of grade 3 posterior talocrural mobilizations for three treatments of 5 min. Other interventions have included repositioning taping of the fibula to alter the joint structure but has not shown improvements in range of motion [85] .
To address muscle weakness and function, Kaminski et al. [86] intervened with strength training and proprioceptive training on subjects with ankle instability and a history of recurrent sprains. This study used Thera-Band Ò elastic bands to perform inversion, eversion, dorsiflexion and plantar flexion as well as perturbation during a single limb balance exercise over a four week, 12 session rehabilitation program. There were no differences in eversion/ inversion isokinetic strength between subjects with ankle instability and healthy control subjects [86] . In contrast to this study, Docherty et al. [87, 88] found increased dorsiflexion and eversion strength following six weeks of strength training. Docherty et al. [87] found improvements in joint position sense following six weeks of strength training using elastic bands during plantar flexion, Fig. 3 Posterior talocrural joint mobilizations. Improvements in arthrokinematics and ankle range of motion have been shown with grade 3 mobilizations for 5 min three times per week dorsiflexion, inversion and eversion. Three to four sets of ten repetitions were performed for 10 min, three times per week. These changes were hypothesized to result from changes in the muscle spindles located within the musculature acting on the ankle. These alterations may have changed the gamma motor neuron function and efferent motor response [87] . Contrasting findings may be the result of different training protocols or measurement techniques; however, strength training remains a clinically useful intervention. The hypothesis that strength training may improve muscle spindle function and improve ability to sense motion and force at the joint could potentially compensate for the mechanoreceptor deficits of the fibers located within the lateral ankle ligaments. Improved muscle function including joint position sense may allow those with CAI to sense faulty ankle position and make corrections.
Balance training has long been used in rehabilitation of patients with CAI [89] . Balance training commonly involves a progression of single limb balance adding perturbations that involve removing visual input, changing surface or adding tasks such as the ball toss or reaching tasks. Dynamic balance can include more challenging tasks such as jumping. The SEBT has been shown to be a reliable test to evaluate dynamic balance but can also be used as a clinical rehabilitation exercise (Fig. 4) [90] . Balance training commonly starts in a controlled environment on a stable surface and progresses by adding different perturbations to encourage the use of multiple sensorimotor systems (Table 2 ). Changing the surface using foam pads or Dynadiscs Ò , adding task constraints such as arm position or reaching tasks, or removing the input of vision add complexity to the balance task and force the individual to adapt a strategy to maintain balance [91] . These progressions should be based on the individual patient's success during the task. Observing and recording an error, for example touching down with the non-stance leg or opening eyes during an eyes closed task, can help the clinician determine a successful task. Three known studies have shown reduction in the risk of a recurrent ankle sprain following the introduction of balance exercises [92] [93] [94] . Balance training has also been shown to improve selfreported function in those with CAI following four weeks of training [16] . These findings emphasize the importance that patient reported function should play in clinical practice. Balance training improves both balance performance and patient function and should be used clinically in this population.
Gait alterations in patients suffering from recurrent sprains and CAI have been reported previously [44, 46, 95] . Gait retraining has been used in patients with several different pathologies, including total joint replacement, cerebrovascular accidents and stroke patients to develop better movement strategies and avoid injurious positions or motions [96] . In patients with CAI, performing gait retraining and functional exercises that mimic daily tasks may allow individuals to develop effective and efficient movement strategies. There is limited research on interventions in this population, but clinically these exercises should replicate tasks the patient may encounter that would put them at risk for further ankle sprain including cutting, jumping and landing. Task challenges should be added to challenge the patient and help encourage strategies to overcome the task challenges.
The findings of kinematic, kinetic, sEMG, and plantar pressure during complex functional task and gait may indicate the importance of gait and functional training. Motor control strategies that include both feedback and feed-forward strategies during movement may improve patients ability to coordinate movement and avoid deleterious motions or positions. Gait training, functional jumping and cutting tasks that include the entire lower extremity may help to develop movement strategy alterations that decrease the risk of recurrent injury. Prevention programs that emphasize jump landing have been shown to decrease the risk of knee injury and similar training programs may be useful in a recurrent ankle sprain population [97] .
Bracing and taping
Beyond therapeutic exercises and functional training, external stabilization devices may be able to limit motions 
Failed conservative treatment
Mechanical instability, if excessive, may require intervention beyond taping and bracing and following failed conservative management. Modern surgical techniques, including the Brostrom-Gould technique, have shown positive outcomes in creating a more stable ankle joint altering the athrokinematic motion of the subtalar joint [36] . The repair consists of anatomical reconstruction of the lateral ankle ligaments to the lateral malleolus and the suturing of the peroneal retinaculum to the lateral malleolus over the lateral ligaments to reinforce the lateral capsule. The procedure may decrease the risk of developing long term changes including osteoarthritis by returning the ankle joint to a more stable condition.
Future research
The impact of treatment on function of patients with CAI commonly looks to identify the specific role of those treatments on the condition. Clinical practice, however, rarely performs therapy in isolation. Research on comprehensive rehabilitation may reveal an interaction of common clinical treatments.
The goal of current interventions has been to decrease the risk of ankle sprain or decrease the negative symptoms associated with the condition. Ultimately, such a goal returns these subjects to the level of function they had prior to the development of the condition. Despite all that has been done, the condition remains highly prevalent and costly. Continued research on gait changes may identify further motor control processes that lead to continued instability with the ultimate goal decreasing the presence of functional instability. Contemporary motor control theory describes the ability of the human central nervous system to process available information from the periphery and process coordinated movement that is efficient and effective. Better motor control would allow these individuals to protect the ankle joint from an inversion mechanism and protect the joint from injury. CAI has been associated with altered motor control and changes in the ability to coordinate routine movement patterns [45] . Further research specifically targeting this pathology and the motor control strategies that coordinate movement may reveal more regarding why changes occur following the development of CAI and how these changes can benefit from intervention to prevent the development of CAI or lessen the disability associated with the pathology.
Conclusion
The presence of lateral ankle sprains in an active population is very common and a history of an ankle sprain remains the number one risk for further ankle sprain. The multi-faceted nature of recurrent ankle sprains and CAI is associated with varying degrees of instability. Both mechanical and functional instability are associated with medical, financial and social costs on the individuals that suffer from the condition. Individuals suffering from recurrent ankle sprains can present with alterations in balance, postural control, neuromuscular function, subjective function and long term joint health changes. Identification of the pathology is primarily directed at identifying associated disability following a history of recurrent sprains. Joint stability exams, range of motion, strength, balance, and gait assessments, along with questionnaires, present clinical tools for identifying those with CAI, who may be at risk for recurrent sprains. Common interventions following the identification includes dynamic and static balance training, strength, manual therapy as well as more functional gait retraining and jump landing drills. External support like taping and bracing has been shown to decrease the risk of sprains. In individuals with joint laxity due to the damage to the lateral ankle ligaments, lateral ankle reconstruction may be necessary and has been shown to improve joint stability and return the joint to a more normal structure. These tools should be used along with a history to assess the risk of recurrent sprains.
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